JOURNAL OF VIROLOGY, Feb. 2010, p. 1891-1901 
0022-538X/10/$12.00 doi:10.1128/JVI.02458-09 


Vol. 84, No. 4 


Copyright © 2010, American Society for Microbiology. All Rights Reserved. 


A Single Tyrosine in the Severe Acute Respiratory Syndrome 
Coronavirus Membrane Protein Cytoplasmic Tail Is Important 
for Efficient Interaction with Spike Protein’ 


Corrin E. McBride and Carolyn E. Machamer* 
Department of Cell Biology, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205 


Received 20 November 2009/Accepted 25 November 2009 


Severe acute respiratory syndrome coronavirus (SARS-CoV) encodes 3 major envelope proteins: spike (S), 
membrane (M), and envelope (E). Previous work identified a dibasic endoplasmic reticulum retrieval signal in 
the cytoplasmic tail of SARS-CoV S that promotes efficient interaction with SARS-CoV M. The dibasic signal 
was shown to be important for concentrating S near the virus assembly site rather than for direct interaction 
with M. Here, we investigated the sequence requirements of the SARS-CoV M protein that are necessary for 
interaction with SARS-CoV S. The SARS-CoV M tail was shown to be necessary for S localization in the Golgi 
region when the proteins were exogenously coexpressed in cells. This was specific, since SARS-CoV M did not 
retain an unrelated glycoprotein in the Golgi. Importantly, we found that an essential tyrosine residue in the 
SARS-CoV M cytoplasmic tail, Y,,;, was important for S-M interaction. When Y,5; was mutated to alanine, 
My10s, 00 longer retained S intracellularly at the Golgi. Unlike wild-type M, My,o;, did not reduce the amount 
of SARS-CoV S carbohydrate processing or surface levels when the two proteins were coexpressed. Mutating 
Y,95 also disrupted SARS-CoV S-M interaction in vitro. These results suggest that Y,,,5 is necessary for efficient 


SARS-CoV S-M interaction and, thus, has a significant involvement in assembly of infectious virus. 


Coronaviruses are enveloped positive-strand RNA viruses 
that infect a wide variety of mammalian and avian species. 
These viruses generally cause mild disease in humans and are 
one major cause of the common cold (34). However, severe 
acute respiratory syndrome coronavirus (SARS-CoV), a novel 
human coronavirus which emerged in the Guangdong province 
in China in 2002 (30, 48), caused a widespread pandemic. 
SARS-CoV caused severe disease with a mortality rate of ap- 
proximately 10%, the highest for any human coronavirus to date 
(62). The phylogeny and group classification of SARS-CoV re- 
main controversial (17), but it is widely accepted to be a distant 
member of group 2. While SARS-CoV is no longer a major 
health threat, understanding the basic biology of this human 
pathogen remains important. 

Coronaviruses encode three major envelope proteins in ad- 
dition to various nonstructural and accessory proteins. The 
envelope protein (E) is the least abundant structural protein in 
the virion envelope, although it is expressed at robust levels 
during infection (21). E plays an essential role in assembly for 
some but not all coronaviruses (31-33, 45) and may also be a 
viroporin (reviewed in reference 21). The spike glycoprotein 
(S) is the second most abundant protein in the envelope. S 
determines host cell tropism, binds the host receptor, and is 
responsible for virus-cell, as well as cell-cell, fusion (15). The S 
protein is a type I membrane protein with a large, heavily 
glycosylated luminal domain and a short cytoplasmic tail that 
has been shown to be palmitoylated in some coronaviruses (47, 
58). The membrane protein (M) is the most abundant protein 
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in the virion envelope and acts as a scaffold for virus assembly. 
M has three transmembrane domains, a long cytoplasmic tail, 
and a short glycosylated luminal domain (reviewed in refer- 
ence 21). Unlike many enveloped viruses, coronaviruses as- 
semble at and bud into the lumen of the endoplasmic reticu- 
lum (ER)-Golgi intermediate compartment (ERGIC) and exit 
the infected cell by exocytosis (29). In order to accomplish this, 
the envelope proteins must be targeted to the budding com- 
partment for assembly. 

For most coronaviruses, the E and M proteins localize in the 
Golgi region near the budding site independently of other viral 
structural proteins. We have previously shown for infectious 
bronchitis virus (IBV) E protein that the cytoplasmic tail con- 
tains Golgi targeting information (9). IBV M contains Golgi 
targeting information in its first transmembrane domain (57), 
while the transmembrane domains and cytoplasmic tail of 
mouse hepatitis virus (MHV) M appear to play a role in Golgi 
targeting (1, 36). Some coronavirus S proteins contain target- 
ing information in their cytoplasmic tails; however, some do 
not (38, 39, 52, 63). Since S proteins can escape to the cell 
surface when highly expressed, S may rely on lateral interac- 
tions with other viral envelope proteins to localize to the bud- 
ding site and be incorporated into newly assembling virions. 

In line with its role in virus assembly, M is necessary for 
virus-like particle (VLP) formation (3, 10, 26, 40, 55, 59). M 
has been shown to interact with itself to form homo-oligomers 
(12). In addition, M interacts with E, S, and the viral nucleo- 
capsid and is essential for virion assembly (reviewed in refer- 
ence 21). Lateral interactions between the coronavirus enve- 
lope proteins are critical for efficient virus assembly. The 
interaction of S and M has been studied for MHV, and the 
cytoplasmic tail of each protein is important for interaction 
(16, 44). Specifically, deletion of an amphipathic region in the 
MHV M cytoplasmic tail abrogates efficient interaction with 
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MHV S (11). The S and M proteins of IBV, bovine coronavi- 
rus, feline infectious peritonitis virus, and SARS-CoV have 
been shown to interact; however, information about the spe- 
cific regions that are important for interaction remains elusive 
(16, 22, 26, 42, 64). Due to the presence of several accessory 
proteins in the virion envelope (23-25, 28, 51, 53), it is possible 
that the requirements for SARS-CoV S and M interaction 
could be different from those of previously studied coronavi- 
ruses. 

In earlier work, we reported that SARS-CoV M retains 
SARS-CoV S intracellularly at the Golgi region when both 
proteins are expressed exogenously (39). We also demon- 
strated that the SARS-CoV S cytoplasmic tail interacts with in 
vitro-transcribed and -translated SARS-CoV M (39). Here, we 
show that the SARS-CoV M cytoplasmic tail is necessary for 
specific retention of SARS-CoV S at the Golgi region. We 
found a critical tyrosine residue at position 195 to be important 
for retaining SARS-CoV S Golgi membranes when coex- 
pressed with M. When Y,,; was mutated to alanine, the mu- 
tant protein, My,o5,, did not reduce the amount of SARS- 
CoV S at the plasma membrane or reduce the extent of S 
carbohydrate processing as well as wild-type SARS-CoV M 
does. Additionally, mutation of Y,5; in SARS-CoV M dis- 
rupted the S-M interaction in vitro. Thus, Yj9; is likely to play 
a critical role in the assembly of infectious SARS-CoV. 


MATERIALS AND METHODS 


Plasmid construction. pCAGGS/SARS-CoV M and pCAGGS/SARS-CoV S 
were previously described (39). QuikChange (Stratagene, La Jolla, CA) site- 
directed mutagenesis was used to introduce deletions in pcDNA3.1/SARS-CoV 
M (39), using primers that flanked the deleted regions, according to the manu- 
facturer’s protocol. The amino acids indicated were deleted or mutated for the 
following constructs: May (Y177-T207), Maz (Li37-T 207), Mata (L20s-D214),; Map 
(Yios-Ko04), Maic (Rigs-Aioa),; Mabe (Si91-Rig9), Msio0a> Moio1a, Mrio2a; 
Maio3v; Myiosa> Mrio7a; Myio8a; and Myro3. pCDNA3.1/SARS-CoV Myo 
was created using primers that changed the nucleotides coding for SARS-CoV M 
Y195 to Aygs according to the manufacturer’s protocol. The sequenced deletions 
and mutations were then subcloned into the mammalian expression vector 
pCAGGS-MCS (43) (a kind gift from P. Bates) to increase expression levels 
using KpnI and XhoI sites. CDNA encoding vesicular stomatitis virus (VSV) G 
was excised from pBS/G (9) using HindIII and Xbal sites and subcloned into 
peDNA3.1 (Invitrogen, Grand Island, NY) to create pcDNA3.1/VSV G. To 
create pCAGGS/VSV G, cDNA encoding the VSV G luminal and transmem- 
brane domains was excised from pcDNA3.1/VSV G using EcoRI and BamHI 
and cDNA encoding the VSV G cytoplasmic tail was excised from pBS/Ger (9) 
using BamHI and Xhol; these fragments were then subcloned into pCAGGS- 
MCS. To create pCAGGS/SARS-CoV M-G,,i, the cDNA sequence encoding 
M,-Rioo of SARS-CoV M was amplified from pcDNA3.1/SARS-CoV M by PCR 
flanked by KpnI and BamHI sites and the cDNA sequence encoding the cyto- 
plasmic tail of VSV G (200 bp) was excised from pBS/Gey using BamHI and 
Xhol; these fragments were then subcloned into pCAGGS-MCS using KpnI and 
Xhol. 

Cells and culture. HeLa cells and HEK293T cells were maintained in Dul- 
becco’s modified Eagle’s medium (DMEM) (Invitrogen/Gibco, Grand Island, 
NY) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, 
Lawrenceville, GA) and 0.1 mg/ml Normocin (InvivoGen, San Diego, CA) at 
37°C and 5% CO>. 

Transient transfections. Fugene6 (Roche, Indianapolis, IN) was used to trans- 
fect each cDNA into cells according to the manufacturer’s instructions. One day 
after plating of cells, 50% confluent HeLa or HEK293T cells were transfected 
with a total of 2 wg of DNA. When SARS-CoV S was coexpressed with SARS- 
CoV M or any M mutant, there was a decrease in the SARS-CoV S expression 
level. To counteract this decrease in S expression, we transfected S and M at a 
3:1 ratio (1.5 pg pCAGGS/SARS-CoV S and 0.5 pg pCAGGS/SARS-CoV M, M 
mutant, or empty vector). In cases where SARS-CoV S was expressed alone, the 
remaining concentration of DNA was composed of empty pCAGGS vector. 
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Fugene6 was first diluted in Opti-MEM (Invitrogen/Gibco, Grand Island, NY) 
before plasmid DNA was added at a 3:1 Fugene6:DNA ratio according to the 
manufacturer’s instructions. The localization of SARS-CoV S and M was similar 
in HeLa and HEK293T cells; however, HeLa cells are flatter and easier to image 
and were thus used for indirect immunofluorescence microscopy, while 293T 
cells were used for the biochemical experiments because the transfection effi- 
ciency was higher. All mutants were tested by indirect immunofluorescence in 
HEK293T cells and behaved identically as in HeLa cells. 

Antibodies. Rabbit anti-SARS-CoV S and rabbit anticSARS-CoV M poly- 
clonal antibodies were previously described (39). Mouse monoclonal SARS-CoV 
S antibodies were from Biodefense and Emerging Infections Research (BEI) 
Resources (Manassas, VA). The hybridoma line for mouse anti- VSV G mono- 
clonal antibody I1 was grown as described previously (35). Rabbit anti-VSV G 
polyclonal antibody (61) and rabbit anti-golgin-160 antibody (19) were previously 
described. Mouse anti-GM130 antibody was from BD Biosciences (San Diego, 
CA). Alexa 488-conjugated donkey anti-mouse IgG was from Invitrogen/Molec- 
ular Probes (Eugene, OR). Texas red-conjugated donkey anti-rabbit IgG was 
from Jackson ImmunoResearch (Westgrove, PA). Horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG was from Amersham/GE Healthcare (Pisca- 
taway, NJ). 

Indirect immunofluorescence microscopy. At 24 h posttransfection, HeLa cells 
were washed in phosphate-buffered saline (PBS) and fixed for 10 min in 3% 
paraformaldehyde in PBS. Fixative was quenched in PBS containing 10 mM 
glycine (PBS-gly). Cells were permeabilized for 3 min in 0.5% Triton X-100 in 
PBS-gly and then stained for 20 min with primary antibodies diluted in 1% 
bovine serum albumin (BSA) in PBS-gly. The following combinations were used: 
rabbit anticSARS-CoV M (1:400) and mouse anti-GM130 (1:200), rabbit anti- 
SARS-CoV M (1:400) and mouse anti-SARS-CoV S (1:25), affinity-purified 
rabbit anti-VSV G (1:25) and mouse anti-GM130 (1:200), affinity-purified rabbit 
anti-VSV G (1:25) and mouse anti-SARS-CoV S (1:25), mouse anti-VSV G 
hybridoma tissue culture supernatant (undiluted) and rabbit anti-golgin-160 (1: 
200), and mouse anti-VSV G hybridoma tissue culture supernatant (undiluted) 
and rabbit anticSARS-CoV M (1:400). Cells were then stained for 20 min with 
secondary antibodies in the following combination: Alexa 488-conjugated donkey 
anti-mouse IgG (1:500) and Texas red-conjugated donkey anti-rabbit IgG (1: 
400). Cells were washed twice with PBS-gly after each step for a total of 5 min 
and mounted in glycerol containing 0.1 M N-propylgallate. Images were obtained 
with a Axioscop microscope (Zeiss, Thornwood, NJ) equipped for epifluores- 
cence using a Sensys charge-coupled-device camera (Photometrics, Tucson, AZ) 
and IP Lab software (Scanalytics, Vienna, VA). 

Cell surface biotinylation. For biotinylation experiments, HEK293T cells were 
seeded on poly-t-lysine-treated (1 mg/ml) tissue culture dishes to increase cell 
adherence. At 24 h posttransfection, HEK293T cells were washed twice in PBS. 
Cells were incubated for 30 min on ice with 1 mg/ml biotin (EZ-Link Sulfo- 
NHS-LC-Biotin; Pierce/ThermoScientific, Rockford, IL) in PBS. Cells were 
washed twice and then incubated for 3 min in PBS containing 50 mM glycine to 
quench the biotin. Cells were lysed in biotinylation lysis buffer (10 mM HEPES 
[pH 7.2], 0.2% NP-40, 150 mM NaCl) containing protease inhibitor cocktail 
(Sigma, St. Louis, MO) at 0°C for 10 min. Lysates were clarified at 16,000 x g for 
10 min at 4°C. Ten percent of the lysate was removed for quantifying total S. The 
remainder of the lysate was added to 75 wl of washed streptavidin agarose resin 
(Pierce/ThermoScientific, Rockford, IL) to bind biotinylated proteins overnight 
at 4°C with rotation. Streptavidin beads were washed 3 times in lysis buffer, and 
biotinylated proteins were eluted at 100°C in 1X sample buffer (50 mM Tris-HCl 
[pH 6.8], 2% sodium dodecyl sulfate [SDS], 20% glycerol, 0.025% bromophenol 
blue) and 5% 2-mercaptoethanol. Samples were subjected to 8% SDS-poly- 
acrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene diflu- 
oride membrane (PVDF) (Millipore, Bedford, MA) for Western blotting. Mem- 
branes were blocked for 30 min in 5% nonfat dry milk made in Tris-buffered 
saline containing Tween (TBST) (150 mM NaCl, 10 mM Tris-HCl [pH 7.4], 
0.05% Tween 20) and then washed three times in TBST. Membranes were 
incubated overnight at 4°C in primary rabbit anti-SARS-CoV S polyclonal anti- 
body diluted 1:5,000 in 3% BSA and 0.02% NaN; in TBST. Membranes were 
washed three times in TBST and then incubated for 1 h in HRP-conjugated 
anti-rabbit IgG diluted 1:10,000 in 5% nonfat dry milk made in TBST. Mem- 
branes were washed three times in TBST and then treated with HyGlo chemi- 
luminescence reagent (Denville Scientific, Metuchen, NJ) according to the man- 
ufacturer’s instructions. Membranes were analyzed using a Versa Doc imaging 
station (Bio-Rad, Hercules, CA) and quantified using Quantity One software 
(Bio-Rad). 

Metabolic labeling/endo H digestion. At 24 h posttransfection, HEK293T cells 
were pulse-labeled and chased as described previously (39). Briefly, HEK293T 
cells were starved in methionine- and cysteine-free DMEM for 20 min, labeled 
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for 20 min with 50 Ci of Expre°S*°S (Perkin Elmer, Waltham, MA) [*°S]me- 
thionine-cysteine per dish in methionine- and cysteine-free DMEM, and then 
chased for various times in DMEM/10% FBS. Cells were washed in PBS and 
then lysed in detergent solution (50 mM Tris-HCl [pH 8.0], 1% NP-40, 0.4% 
deoxycholate [DOC], 62.5 mM EDTA) containing protease inhibitor cocktail. 
Lysates were clarified, SDS was added to a final concentration of 0.2%, and 
SARS-CoV S proteins were immunoprecipitated with rabbit-anticSARS-CoV S 
polyclonal antibodies overnight at 4°C. Immune complexes were collected with 
washed Staphylococcus aureus Pansorbin cells (Calbiochem, San Diego, CA) and 
washed 3 times in radioimmunoprecipitation assay (RIPA) buffer (0.1% SDS, 50 
mM Tris-HCl [pH 8.0], 1% DOC, 150 mM NaCl, 1% Triton X-100). Samples 
were eluted in 1% SDS in 50 mM Tris (pH 6.8) at 100°C and digested with 0.1 
mU/l endoglycosidase H (endo H) (New England Biolabs, Beverly, MA) in 150 
mM sodium citrate [pH 5.5] overnight at 37°C. Concentrated sample buffer was 
added to 1X, and samples were subjected to 8% SDS-PAGE. Labeled proteins 
were visualized by using a Molecular Imager FX phosphorimager (Bio-Rad) and 
quantified using Quantity One software. 

Sequence alignment. A sequence alignment of M cytoplasmic tail amino acids 
was generated using MultAlin software (8; http://bioinfo.genotoul.fr/multalin/). 
The GenBank nucleotide sequence accession numbers of the M proteins aligned 
are as follows: IBV M, NP_040835.1; MHV M, NP_045301.1; BCV M, 
AAK29779.2; HCV OC43 M, NP_937953.1; HCV HKU1 M, YP_173241.1; 
SARS-CoV M, NP_828855.1; HCV NL63 M, YP_003770.1; HCV 229E M, 
NP_073555.1; FIPV M, YP_239357.1; and TGEV M, ABF72147.1. The full- 
length M sequences were used; however, only the relevant portion of the align- 
ment is shown (see Fig. 7). 

IVIT. Recombinant C-terminally His-tagged full-length SARS-CoV S ex- 
pressed with baculovirus and purified from Sf9 insect cells was obtained from 
BEI Resources. Full-length radiolabeled SARS-CoV M and Myjos, were trans- 
lated in vitro using the TNT quick coupled transcription/translation system 
(Promega Corporation, Madison, WI). Briefly, pcDNA3.1/SARS-CoV M or 
pceDNA3.1/SARS-CoV My1954 was incubated with TNT master mix in the pres- 
ence of Easy Tag [?°S]methionine (Perkin Elmer) and canine pancreatic micro- 
somal membranes (Promega Corporation, Madison, WI) for 90 min at 30°C. In 
vitro-transcribed and -translated proteins were solubilized in in vitro transcription 
and translation (IVTT) binding buffer (50 mM HEPES [pH 7.1], 100 mM NaCl, 
10 mM EDTA, 5 mM MgCl, 1 mM dithiothreitol [DTT], 0.1% NP-40). Equal 
amounts of the IVTT reaction mixtures (with SARS-CoV M or Myjosq) were 
added to full-length His-tagged SARS-CoV S tail prebound to Ni-nitrilotriacetic 
acid (NTA)-agarose or Ni-NTA-agarose alone and incubated with rotation at 
room temperature for 1 h. Bound proteins were washed in IVTT binding buffer, 
eluted in sample buffer, and subjected to 15% SDS-PAGE. Gels were stained 
with Coomassie blue to ensure equal S protein load, and labeled proteins were 
visualized by using a Molecular Imager FX phosphorimager and quantified using 
Quantity One software. 


RESULTS 


The cytoplasmic tail of SARS-CoV M specifically retains 
SARS-CoV S in the Golgi complex. We have shown that SARS- 
CoV S localizes to the plasma membrane when exogenously 
expressed alone in cells. However, when SARS-CoV S is co- 
expressed with SARS-CoV M, S is retained intracellularly at 
the Golgi complex near the virus assembly site (39). This phe- 
nomenon has also been demonstrated for the S and M proteins 
of several other coronaviruses (42, 44). To determine if the 
ability of M to retain S was specific, we coexpressed SARS- 
CoV M with the VSV glycoprotein (VSV G). VSV G is a 
well-studied viral glycoprotein that traffics quickly through the 
secretory pathway, localizes to the plasma membrane at steady 
state (38), and has no homology with SARS-CoV M. When 
coexpressed with VSV G, SARS-CoV M did not retain VSV G 
intracellularly at the Golgi complex (Fig. 1B). This suggests 
that the ability of the SARS-CoV M tail to retain SARS-CoV 
S is specific. 

It has been shown that SARS-CoV S and M can interact in 
vitro and in vivo (22, 26, 39); however, the specific requirements 
for S-M interaction have not been determined. Published data 
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for MHV implicate the cytoplasmic tail of each protein in the 
S and M interaction, although the specific region important for 
SARS-CoV S-M interaction has not been demonstrated (16, 
44). To determine if the region of SARS-CoV M necessary for 
interaction with S was limited to the cytoplasmic tail, we cre- 
ated a chimeric protein (SARS-CoV M-G,,;,) consisting of the 
SARS-CoV M luminal and transmembrane domains (M,- 
Rjoo) fused to the cytoplasmic tail of VSV G. The chimeric 
protein SARS-CoV M-G,,,;; was localized to the Golgi complex 
when exogenously expressed in HeLa cells (Fig. 1C). This was 
expected since the SARS-CoV M transmembrane domains are 
important for Golgi localization (unpublished data) (60). How- 
ever, unlike full-length M, M-G,,; did not retain SARS-CoV S 
intracellularly at the Golgi complex when the two proteins 
were coexpressed, suggesting that the SARS-CoV M cytoplas- 
mic tail was necessary to retain SARS-CoV S in the Golgi 
region of transfected cells (Fig. 1C). A reciprocal chimera was 
also made, consisting of the VSV G luminal and transmem- 
brane domains fused to the cytoplasmic tail of SARS-CoV M. 
The resulting chimera, VSV G-M,,;,, was found to be mislo- 
calized with both ER and Golgi staining (data not shown). 
However, when coexpressed with SARS-CoV S, VSV G-M,air 
was able to retain S intracellularly, again indicating that the 
SARS-CoV M cytoplasmic tail was necessary to retain SARS- 
CoV S in the Golgi region (data not shown). 

Mapping the S-M interaction site in the SARS-CoV M cy- 
toplasmic tail. To map the interaction between the SARS-CoV 
S and M proteins, we made deletions of 120, 70, or 30 amino 
acids in the SARS-CoV M cytoplasmic tail near the C termi- 
nus. The M protein lacking 120 amino acids was unstable and 
was therefore not included in the subsequent analysis. The 
mutant protein SARS-CoV M,, lacks 30 amino acids (Y,,,- 
T5097) of the M cytoplasmic tail. The mutant protein SARS- 
CoV Ma> lacks 70 amino acids (L137-Ts97) of the M cyto- 
plasmic tail (Fig. 2). Our rabbit anti-SARS-CoV M antibody 
recognizes the extreme 15 C-terminal amino acids, so these 
residues were not deleted in either mutant. 

To determine if SARS-CoV M,, and SARS-CoV M,, were 
correctly targeted to the Golgi compartment, the mutant pro- 
teins were transiently expressed and analyzed by indirect im- 
munofluorescence microscopy. At 24 h posttransfection, cells 
were fixed, permeabilized, and stained with antibodies to 
SARS-CoV M and the Golgi marker GM130. Similar to wild- 
type SARS-CoV M, both M,, and M,, localized to the Golgi 
region (Fig. 3A). 

Since the results of our immunofluorescence experiments 
suggested that SARS-CoV S and M interact in transfected 
cells, we used this assay to determine if SARS-CoV M,, and 
SARS-CoV Ma, could interact with and retain SARS-CoV S 
intracellularly at the Golgi complex. HeLa cells transiently 
expressing SARS-CoV S with SARS-CoV M, SARS-CoV M,,, 
or SARS-CoV M,, were fixed, permeabilized, and stained with 
antibodies to SARS-CoV S and SARS-CoV M. As shown 
earlier, when SARS-CoV S was expressed alone, it was present 
at the cell surface. Unlike full-length SARS-CoV M, neither 
SARS-CoV M,, nor SARS-CoV M,, retained SARS-CoV S 
in Golgi membranes, and S accumulated at the plasma mem- 
brane similarly to its accumulation when it was expressed alone 
(Fig. 3B). 

To quantify the steady-state level of SARS-CoV S at the 
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FIG. 1. The cytoplasmic tail of SARS-CoV M specifically mediates 
interaction with SARS-CoV S. HeLa cells expressing SARS-CoV S in 
the presence or absence of SARS-CoV M (A), SARS-CoV M in the 
presence or absence of VSV G (B), or SARS-CoV M-G,,i, in the 
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FIG. 2. Cartoon depicting wild-type SARS-CoV M and M mutants. 
Deletions or point mutations were introduced into the cytoplasmic tail 
of SARS-CoV M using site-directed mutagenesis. Deleted regions are 
marked with dotted lines. The Y, 9; mutation is in bold and marked 
with a black arrow in the sequence alignment below the cartoon. Gray 
arrows show transmembrane domains (TMD). 


plasma membrane, we performed a cell surface biotinylation 
assay. We used HEK293T cells for this and other biochemical 
assays due to their higher transfection efficiency. All mutants 
were tested by indirect immunofluorescence in HEK293T cells 
and behaved identically to HeLa cells. HEK293T cells express- 
ing SARS-CoV S with SARS-CoV M, SARS-CoV M,,, 
SARS-CoV Ma>, or empty vector were biotinylated at 0°C with 
a non-membrane-permeating biotinylating reagent. Biotinyl- 
ated S proteins were isolated with streptavidin agarose resin 
and analyzed by SDS-PAGE and Western blotting with anti- 
bodies to SARS-CoV S (Fig. 3C). The total amount of S 
protein in the sample was determined by running 10% of the 
lysate. Total S protein, as well as biotinylated surface S protein, 
was quantified and normalized to the amount of SARS-CoV S 
coexpressed with empty vector. When SARS-CoV S was coex- 
pressed with wild-type SARS-CoV M for 24 h, we observed a 
60% reduction in the amount of SARS-CoV S present at the 
plasma membrane (Fig. 3D). However, coexpression with ei- 
ther SARS-CoV My, or SARS-CoV Ma, did not reduce the 
amount of SARS-CoV S present on the cell surface (Fig. 3D). 

SARS-CoV S is trafficked through the secretory pathway 
when expressed alone and accumulates at the plasma mem- 
brane (4, 20, 39, 52, 54, 56). Since SARS-CoV M but not M,, 
or M,, retained S intracellularly at the Golgi compartment 
and reduced the amount of S present at the plasma membrane 
(Fig. 3), we next analyzed S protein trafficking through the 


presence or absence of SARS CoV-S (C) for 24 h were fixed, perme- 
abilized, and stained with mouse anti-SARS-CoV S and rabbit anti- 
golgin-160 (a Golgi marker) or rabbit anticSARS-CoV M (A), mouse 
anti-VSV G and rabbit anti-golgin-160 or rabbit anti-SARS-CoV M 
(B), or rabbit anti-VSV G and mouse anti-GM130 (a Golgi marker) or 
mouse anti-SARS-CoV S (C). The secondary antibodies were Alexa 
488-conjugated donkey anti-mouse IgG and Texas red-conjugated 
donkey anti-rabbit IgG. The same field is shown for each horizontal set 
of panels. 


AINN AHOWGS Aq S102 ‘61 Wud uo /Bio"wseIAl//:dyjy Wo pepeojumoq 


VoL. 84, 2010 


SARS-CoV M,, 


Cc. 3 4g = 4 
=2ae =iae 
+ + + + + + 

nn nn nnn Nn 
>> > 2 >> ee 
oo 90 9 oo 0 9 
8888 8883 
” nnn Nn 
Soo. 225 
SAOG nnn on 
ve eae - 
— -_ 


biotinylated protein 10% total protein 


SARS-CoV M TYROSINE 195 PROMOTES S-M INTERACTION 1895 


At 
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FIG. 3. SARS-CoV M,, and M,, localize to the Golgi compartment but do not retain SARS-CoV S or reduce the amount of SARS-CoV S 
at the plasma membrane. (A) HeLa cells expressing SARS-CoV Ma, or SARS-CoV Ma, for 24 h were fixed, permeabilized, and stained with rabbit 
anti-SARS-CoV M and mouse anti-GM130. Secondary antibodies were Alexa 488-conjugated donkey anti-mouse IgG and Texas red-conjugated 
donkey anti-rabbit IgG. The same field is shown for each horizontal set of panels. (B) HeLa cells coexpressing SARS-CoV S and Ma, or Map for 
24 h were fixed, permeabilized, and stained with mouse anti-SARS-CoV S and rabbit anti-SARS-CoV M. Secondary antibodies were Alexa 
488-conjugated donkey anti-mouse IgG and Texas red-conjugated donkey anti-rabbit IgG. The same field is shown for each horizontal set of 
panels. (C and D) HEK293T cells expressing SARS-CoV S in the absence or presence of SARS-CoV M, Ma;, or Ma, were surface biotinylated 
at 24 h posttransfection. After lysis, 10% of the lysate was saved for quantification of total S. Biotinylated proteins were collected from the 
remainder of the lysate by using streptavidin agarose resin, washed, and eluted in sample buffer. After SDS-PAGE and Western blotting with 
antibodies to SARS-CoV S (C), total biotinylated S protein was quantified for each sample (D). Values in panel D are normalized to the amount 
of biotinylated S when expressed alone. The averages of the results of three independent experiments + standard errors of the means are shown. 


secretory pathway when coexpressed with the M mutants. As a 
glycoprotein moves through the secretory pathway, its sugars 
are modified (18); in the medial Golgi complex, N-linked sug- 
ars become resistant to digestion with endoglycosidase H 
(endo H). The rate and extent of glycoprotein trafficking 
through the secretory pathway en route to the plasma mem- 
brane can be inferred from the amount of endo H-resistant 
protein over time after pulse-labeling. HEK293T cells exog- 
enously expressing SARS-CoV S and SARS-CoV M or empty 
vector were pulse-labeled with [*°S]methionine-cysteine and 
chased for various times. S protein was immunoprecipitated, 
denatured, and digested with endo H. When SARS-CoV S was 
expressed alone, approximately 70% of labeled SARS-CoV S 
was resistant to digestion with endo H after 40 min of chase. 
However, when SARS-CoV S was coexpressed with SARS- 
CoV M, only 25% of SARS-CoV S was resistant to endo H 
digestion after 40 min of chase, indicating that the majority of 
labeled S had not reached the medial Golgi compartment (Fig. 
4). Coexpression with SARS-CoV M,, or Ma; had little effect 
on the amount of SARS-CoV S carbohydrate processing. This 
suggests that wild-type M but not M,, or M,, retains S pre- 
dominantly in a pre-medial Golgi compartment. Given that 
SARS-CoV M,, and SARS-CoV M,, had similar phenotypes 
when coexpressed with SARS-CoV S, we concluded that the 30 


amino acids near the C terminus were important for S and M 
interaction, since this region was missing from both SARS- 
CoV Ma, and Ma>. 

Finer mapping of the S-M interaction site in the SARS-CoV 
M cytoplasmic tail. To further map the SARS-CoV S and M 
interaction, we made smaller deletions in and surrounding the 
region deleted from SARS-CoV Ma, (Fig. 2). SARS-CoV 
Maia, SARS-CoV M,j,, and SARS-CoV M,,, were missing 
amino acids L39s-D544, Yyos-Koo4, OF Rygs-Ajo4, respectively. 
When exogenously expressed for 24 h in HeLa cells, SARS- 
CoV Maia, Maip, and Maj, all localized to the Golgi region 
(Fig. SA). However, when coexpressed with SARS-CoV S, only 
SARS-CoV M,,, retained S intracellularly at the Golgi region 
(Fig. 5B). When SARS-CoV M,,, and M,,, were coexpressed 
with SARS-CoV S, S was present on the plasma membrane at 
steady state (Fig. 5B). 

To quantify the amount of SARS-CoV S at the plasma 
membrane, we performed a cell surface biotinylation assay as 
described above. Coexpression with SARS-CoV Maj, reduced 
the amount of SARS-CoV S present at the plasma membrane 
by approximately 60%, similar to coexpression with wild-type 
SARS-CoV M (Fig. 5D and 3D). However, coexpression with 
SARS-CoV M,;, or SARS-CoV M,,, did not reduce the 
amount of SARS-CoV S present at the cell surface. 
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FIG. 4. SARS-CoV Ma, and Ma, are less effective at reducing 
SARS-CoV S trafficking through the Golgi compartment than wild- 
type SARS-CoV M. At 24 h posttransfection, HEK293T cells express- 
ing SARS-CoV S in the absence or presence of SARS-CoV M, Maj, or 
Ma» were labeled with [*°S]methionine-cysteine for 20 min and then 
chased for 0, 20, or 40 min. After lysis, S proteins were immunopre- 
cipitated, denatured, and digested with endo H. Endo H-sensitive and 
-resistant forms are indicated. After electrophoresis and phosphor- 
imaging, the percentage of endo H-resistant S was quantified. The 
averages of the results of five independent experiments + standard 
errors of the means are shown. 


To determine if SARS-CoV Maja, Maip, Or Mai. could 
reduce the extent of SARS-CoV S carbohydrate processing, we 
performed a pulse-chase endo H-trafficking assay as described 
above. After 40 min of chase, approximately 70% of radiola- 
beled SARS-CoV S had moved to the medial Golgi compart- 
ment and was resistant to endo H digestion. When SARS-CoV 
S was coexpressed with SARS-CoV M,,,, only 25% was resis- 
tant to digestion with endo H after 40 min of chase (Fig. 6), 
which was similar to the result when S was coexpressed with 
wild-type M (Fig. 4). This suggests that M,,, was able to retain 
S in a pre-medial Golgi compartment. However, when SARS- 
CoV Maip or Mai. was coexpressed with SARS-CoV S, the 
extent of S carbohydrate processing was not reduced (Fig. 6) 
and was similar to the amount of carbohydrate processing 
when S was coexpressed with SARS-CoV M,, (Fig. 4). Thus, 
neither M,,, nor M,,, was able to retain S in a pre-medial 
Golgi compartment. When SARS-CoV S was coexpressed with 
SARS-CoV M,,, SARS-CoV Majip, or SARS-CoV M,,,, the 
amount of SARS-CoV S that was resistant to endo H digestion 
after 40 min of chase was less than the amount of endo H- 
resistant S after 40 min of chase when S was expressed alone 
(Fig. 4). Thus, it is possible that some residual interaction of S 
with the mutant M proteins still exists. The implications of this 
observation will be discussed below. 

Tyrosine 195 is important for SARS-CoV S-M interaction. 
Since neither SARS-CoV M,,, nor M,,;, retained SARS-CoV 
S intracellularly at the Golgi and they do not contain overlap- 
ping deleted amino acids, we concluded that the S interaction 
site was near the shared border between the two deleted re- 
gions. To test this, we created another deletion mutant, SARS- 
CoV Maye, which is missing 5 amino acids from both M,,, and 
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Maire (Syo1-Rioo), Spanning the M,;,/M,,, junction. SARS- 
CoV M,,,. was unable to retain SARS-CoV S intracellularly as 
assayed by immunofluorescence microscopy, surface biotinyla- 
tion, or pulse-chase (data not shown), and it behaved similarly 
to May, Maz, Maip, and Ma;.. Sequence alignment of various 
coronavirus M protein cytoplasmic tails revealed the presence 
of several conserved residues spanning the SARS-CoV Maj, 
and M,,, junction (Fig. 7). To determine if the conserved 
amino acids were important for SARS-CoV S and M interac- 
tion, we mutated them individually to alanine or valine 
(Msi00a» Moio1a> Mrio2a, Maio3v» Myiosa» Mriozas Myiosa; 
or My.93) (data not shown). Only one mutant, SARS-CoV 
Myjosa, Was unable to retain SARS-CoV S intracellularly. 
When analyzed by indirect immunofluorescence microscopy, 
SARS-CoV My1954 Was localized to the Golgi region but did 
not retain SARS-CoV S intracellularly (Fig. 8A). Unlike wild- 
type M, coexpression of SARS-CoV Myjo54 did not reduce 
the amount of SARS-CoV S present on the plasma membrane 
as measured by surface biotinylation (Fig. 8B). In addition, 
SARS-CoV Myjo54 behaved similarly to M,, when SARS- 
CoV S carbohydrate processing was measured by endo H re- 
sistance after pulse-chase (Fig. 8C). Thus, we conclude that 
disruption of Y,.; was responsible for the inability of SARS- 
CoV May, Maz, Maip, and Maj, to interact with SARS-CoV S. 
Although Yj; is present in M,,,, the context in which it is 
presented is probably changed, since it is the first amino acid 
after the deletion. 

Interaction of SARS-CoV S with M in vitro is disrupted by 
mutating Y,);. Our previously published results suggest that 
SARS-CoV S and M interact directly (39). To determine if the 
Yjo54 Mutation disrupts SARS-CoV S and M interaction in 
vitro, we performed a binding assay using in vitro-transcribed 
and -translated SARS-CoV M or My,95,4 incubated with full- 
length His-tagged SARS-CoV S. The solubilized in vitro-tran- 
scribed and -translated M proteins were incubated with His- 
tagged SARS-CoV S prebound to nickel beads or with nickel 
beads alone. Samples were analyzed by SDS-PAGE and phos- 
phorimaging. Jn vitro-transcribed and -translated SARS-CoV 
M bound specifically to His-tagged SARS-CoV S (Fig. 9). 
However, when Y,5; was mutated to alanine, the amount of 
SARS-CoV My954 binding to His-tagged SARS-CoV S was 
reduced to background levels (Fig. 9). We were unable to 
detect in vitro binding when only the soluble, recombinant tail 
of each protein was examined, suggesting that transmembrane 
regions of each may be important for orienting the tails (data 
not shown). 

Taken together, our results suggest that the SARS-CoV S 
and M interaction is mediated by the cytoplasmic tail of SARS- 
CoV M and that a single residue, Y,95, is necessary for efficient 
S and M interaction. 


DISCUSSION 


Unlike many well-studied enveloped viruses, coronaviruses 
assemble intracellularly at the ERGIC (reviewed in reference 
21). Thus, the proteins in the virion envelope must be targeted 
to the ERGIC for assembly. As for most other enveloped 
viruses, lateral interactions between coronavirus envelope pro- 
teins are important for the proper assembly of infectious virus. 
The coronavirus M protein was originally thought to determine 
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FIG. 5. SARS-CoV M,yj,, May, and M,,, localize to the Golgi compartment, but only SARS-CoV M,,, can retain SARS-CoV S and reduce 
the amount of SARS-CoV S at the plasma membrane. (A) HeLa cells expressing SARS-CoV Maja, Mai, Or Mai. for 24 h were fixed, 
permeabilized, and stained with rabbit anticSARS-CoV M and mouse anti-GM130. Secondary antibodies were Alexa 488-conjugated donkey 
anti-mouse IgG and Texas red-conjugated donkey anti-rabbit IgG. The same field is shown for each horizontal set of panels. (B) HeLa cells 
coexpressing SARS-CoV S and Myj,,; Majp, Or Maj, for 24 h were fixed, permeabilized, and stained with mouse anti-SARS-CoV S and rabbit 
anti-SARS-CoV M. Secondary antibodies were Alexa 488-conjugated donkey anti-mouse IgG and Texas Red-conjugated donkey anti-rabbit IgG. 
The same field is shown for each horizontal set of panels. (C and D) HEK293T cells expressing SARS-CoV S in the absence or presence of 
SARS-CoV Maja, Maip, or Mai. were surface biotinylated. After lysis, biotinylated cell surface proteins were collected by using streptavidin 
agarose resin, washed, and eluted in sample buffer. After SDS-PAGE and Western blotting with rabbit anti-SARS-CoV S antibodies, total 
biotinylated S protein was quantified for each sample (D). Values in panel D are normalized to the amount of biotinylated S when expressed alone. 
The averages of the results of three independent experiments + standard errors of the means are shown. 


the location of virus assembly, since it can interact with the 
other viral structural proteins. However, since the M proteins 
of several coronaviruses localize past the budding site at steady 
state (29), it is thought that other factors, such as lateral in- 
teractions with other structural proteins, influence the location 
of the assembly site. 

Previously, we determined that a dibasic ER retrieval signal 
found in the cytoplasmic tail of SARS-CoV S promoted inter- 
action with the SARS-CoV M protein, presumably by increas- 
ing the possibilities for interaction during cycling (39). Here, 
we identified a critical tyrosine residue in the SARS-CoV M 
cytoplasmic tail that is necessary for efficient interaction with 
SARS-CoV S. When SARS-CoV S is expressed alone, it local- 
izes to the plasma membrane, past the budding compartment. 
However, when SARS-CoV S is coexpressed with SARS-CoV 
M (39), M mediates intracellular retention of S in a pre-medial 
Golgi compartment near the virus assembly site. When coex- 
pressed with SARS-CoV S, SARS-CoV M also reduced the 


amount of S present at the plasma membrane. Importantly, 
VSV G was not retained intracellularly by SARS-CoV M. This 
was expected, since coronavirus lateral interactions exclude 
host proteins from the assembling virion (12). Additionally, a 
chimeric protein consisting of the cytoplasmic tail of VSV G 
fused to the luminal and transmembrane domains of SARS- 
CoV M, M-G,, i, did not retain SARS-CoV S intracellularly. 
However, the reciprocal chimera consisting of the cytoplasmic 
tail of SARS-CoV M fused to the luminal and transmembrane 
domains of VSV G was able to retain SARS-CoV S intracel- 
lularly. These results suggest that the cytoplasmic tail of SARS- 
CoV M is necessary to mediate the SARS-CoV S-M interac- 
tion. This lateral S-M interaction is presumably how S is 
localized to the budding site and incorporated into newly as- 
sembled virions in infected cells. 

We found that a critical tyrosine residue, Y,95, in the cyto- 
plasmic tail of SARS-CoV M was important for retaining S at 
the Golgi complex. When Y,5; was mutated to alanine, the 
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FIG. 6. Neither SARS-CoV My, nor Ma;, slows SARS-CoV S 
trafficking through the Golgi compartment. HEK293T cells expressing 
SARS-CoV S in the presence of SARS-CoV Maj,, Map, Or Maz, Were 
labeled with [?°S]methionine-cysteine for 20 min and then chased for 
0, 20, or 40 min. After lysis, S proteins were immunoprecipitated, 
denatured, and digested with endo H. Endo H-sensitive and -resistant 
forms are indicated. After electrophoresis and phosphorimaging, the 
percentage of endo H-resistant S was quantified. The averages of 
the results of three independent experiments + standard errors of the 
means are shown. 


mutant protein, SARS-CoV Myjos4, did not retain S in the 
Golgi region when the two proteins were coexpressed. The 
expression of SARS-CoV Myjos4 did not reduce the amount 
of SARS-CoV S present at the plasma membrane or reduce S 
carbohydrate processing due to retention in a pre-medial Golgi 
compartment. Also, My;o5, was unable to interact with SARS- 
CoV S in vitro. Importantly, My195,4 was properly localized to 
the Golgi complex (Fig. 8A) and had a half-life similar to that 
of wild-type SARS-CoV M (data not shown). The importance 
of SARS-CoV Myo; in S-M interaction was confirmed by 
using an in vitro binding assay. We do not believe that phos- 


M,,,/M,,, Junction 


Aic 


IBV M 193 GNKKRFA 
MHV M 195 DGVSGFA 
BCV 194 GDTSGFA 
HCoV OC43 M 194 SDTSGFA 
HCoV HKU1 M 190 DVNSGFA 
HCoV NL63M 190 TSQTGWA 
HCoV 229E M 189 OQNSTGWV 
FIPVM 227 TTATGWA 
TGEV M 227 SSATGWA 
SARS-CoV M 187 GTDSGF. 


VYAKQOSVDTG 211 
VKSKVGNYRL 213 
VKSKVGNYRL 212 
VKSKVGNYRL 212 
VKSKVGNYRL 208 
VRAKHGDFSG 208 
VRVKHGDFSA 207 
VKSKAGDYS-— 244 
VKSKAGDYS-— 244 
NRYRIGNYKL 205 
* 

FIG. 7. Sequence alignment of CoV M protein cytoplasmic tails. 
The SARS-CoV Maj,/Maj_ junction is marked with a vertical line. 
Yjo95 that is mutated in SARS-CoV Myjos5, is marked with an asterisk. 
IBV, avian infectious bronchitis virus; MHV, mouse hepatitis virus; 
BCV, bovine coronavirus; HCoV, human coronavirus; FIPV, feline 
infectious peritonitis virus; TGEV, porcine transmissible gastroenter- 
itis coronavirus; SARS-CoV, severe acute respiratory syndrome coro- 
navirus. The alignment was generated using MultAlin multiple se- 
quence alignment with hierarchical clustering (8). 
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FIG. 8. Tyrosine 195 is important for efficient S and M interaction. 
(A) SARS-CoV My195a localizes to the Golgi compartment but does 
not retain SARS-CoV S intracellularly. HeLa cells expressing SARS- 
CoV Myjosa in the absence or presence of SARS-CoV S were stained 
as described for Fig. 3. The same field is shown for each horizontal set 
of panels. (B) SARS-CoV Myj95q4 does not reduce the amount of 
SARS-CoV S at the plasma membrane. HEK293T cells exogenously 
coexpressing SARS-CoV S in the absence or presence of SARS-CoV 
M, May, or Myi9sq were surface biotinylated as described for Fig. 3C. 
The averages of the results of three independent experiments + stan- 
dard errors of the means are shown. (C) SARS-CoV Myjo0s4 does not 
slow SARS-CoV S trafficking through the Golgi as well as wild-type 
SARS-CoV M does. HEK293T cells exogenously coexpressing SARS- 
CoV S and SARS-CoV M, Maj, or Myjosq Were pulse-labeled and 
chased, and immunoprecipitated S protein was treated with endo H as 
described for Fig. 4. The averages of the results of three independent 
experiments + standard errors of the means are shown. 


phorylation of Y,5; is the basis for its importance in S-M 
interaction, since we have found no evidence that M is phos- 
phorylated (unpublished data). Other tyrosine-based post- 
translation modifications, such as tyrosine nitration, are possi- 
ble (27), but more work needs to be done to implicate or rule 
out tyrosine modifications as the basis for SARS-CoV S and M 
interaction. It is also possible that the critical tyrosine residue 
could be structurally important for S-M interaction. A well- 
known tyrosine-based protein-protein interaction motif is 
YXX®, where X is any amino acid and ® is a bulky, hydro- 
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FIG. 9. Mutating Y,95 disrupts the SARS-CoV S-M interaction in 
vitro. Equal amounts of solubilized in vitro-transcribed and -translated 
SARS-CoV M or Myjo54 Were incubated with His-tagged SARS-CoV 
S prebound to nickel beads or with nickel beads alone. Samples were 
washed, subjected to SDS-PAGE, and visualized and quantified by 
phosphorimaging. Equal loading of recombinant S protein was en- 
sured by staining with Coomassie blue (not shown). 


phobic residue (5). This tyrosine-based motif is recognized by 
the clathrin adaptor proteins and mediates transmembrane 
protein endocytosis from the plasma membrane (5). The struc- 
ture of the adaptor protein subunit responsible for binding the 
YXX@® motif has been solved and highlights the importance of 
the tyrosine hydroxyl in hydrogen bonding, as well as its inser- 
tion in a hydrophobic binding pocket (46). 

Although Y,9; clearly plays a role in S-M interaction, it is 
unlikely to be the only region of SARS-CoV M that is impor- 
tant for interaction with S. When SARS-CoV S was expressed 
alone, 75% of S was resistant to endo H digestion after 40 min 
of chase. However, when Myo; Was coexpressed with S, 60% 
of S was resistant to endo H digestion after 40 min (Fig. 4 and 
8C). Although the ability of S and My,os,4 to interact was 
clearly and significantly reduced, S was not trafficked to the 
same extent as when it was expressed alone. Thus, it is likely 
that there is a region outside of the regions tested in this study 
that is also important for S-M interaction. Extra information 
could be either in the region of the tail not deleted in M,, or 
in the luminal or transmembrane domains. In support of this 
idea, Voss et al. recently implicated the N-terminal 134 amino 
acids of SARS-CoV M, which includes the transmembrane 
domains and a small portion of the cytoplasmic tail, in S-M 
interaction (60). The N-terminal 134 amino acids of M were 
able to retain S at the Golgi compartment by indirect immu- 
nofluorescence microscopy. The ability to interact with S was 
only measured by qualitative microscopy in that study. How- 
ever, we did not observe Golgi retention of S with M contain- 
ing residues M,-Rjgg (M-G,,;), Fig. 1C). Since the SARS-CoV 
M cytoplasmic tail alone was able to retain S intracellularly 
(Fig. 1), the role of the transmembrane domains in S-M inter- 
action remains unclear, and they may function primarily to 
present the cytoplasmic tail in the proper orientation. 

The most extensive information on coronavirus S-M inter- 
action comes from studies of MHV. The key regions for MHV 
S-M interaction have been mapped on both the S and M 
proteins (7, 11). Deletion of 70 amino acids in the amphipathic 
region of the MHV M cytoplasmic tail (residues 121 to 195) 
disrupts S-M interaction, as determined by indirect immuno- 
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fluorescence microscopy and coimmunoprecipitation (11). 
Specific detergent combinations are needed to preserve MHV 
S-M interactions for coimmunoprecipitation (44). Here, we 
have used more sensitive assays to characterize the SARS-CoV 
S and M interaction. By using cell surface biotinylation and 
pulse-chase assays, we examined both steady-state localization 
and trafficking of SARS-CoV S to examine S-M interaction 
without the complication of maintaining S-M complexes in 
detergent lysates. Assays using virus-like particle (VLP) for- 
mation to assess contributions to virus assembly are often used 
to characterize coronavirus protein-protein interaction, al- 
though the exact requirements for VLP formation are contro- 
versial (3, 6, 10, 16, 26, 40, 44, 55, 59). However, in our hands, 
SARS-CoV S and M proteins were released in membrane 
vesicles from HEK293T and HeLa cells when expressed indi- 
vidually (data not shown), so we could not use this assay to 
study assembly. 

We identified a different region of SARS-CoV M as involved 
in S interaction than was identified for MHV (11). Coronavirus 
M proteins are similar in size, ranging from approximately 220 
to 260 amino acids. When the SARS-CoV M and MHV M 
protein sequences are aligned, Y,95 is approximately 10 amino 
acids downstream in comparison to the 70 amino acids deleted 
in MHV studies. It is likely that the distance of the tyrosine 
from the membrane affects interaction with S. The coronavirus 
M protein cytoplasmic tail is considerably longer than that of 
the S cytoplasmic tail, but a large region of the M tail was 
shown to be tightly folded (2, 49, 50). Nevertheless, deletion of 
70 amino acids from the MHV M tail could have altered the 
orientation and/or distance of a motif outside the 70-amino- 
acid stretch required for interaction with S. Importantly, the 
point mutations used here to dissect SARS-CoV S-M interac- 
tion are unlikely to disrupt overall features of the SARS-CoV 
M cytoplasmic tail. 

Interestingly, in addition to the 70 amino acids deleted, a 
cytoplasmic tyrosine residue, Y>,,, was shown to be important 
for MHV S and M interaction (11). Although S-M interaction 
was not fully abolished when Y,,, was mutated to glycine in 
MHV M, MHV S-M interaction was severely reduced (11). 
MHV M Y;,, is downstream in comparison to SARS-CoV M 
Y 495; however, when the analogous tyrosine in SARS-CoV M, 
Y>o95, Was mutated to alanine, it had no affect on S-M interac- 
tion as determined by the assays used here (data not shown). 
Although MHV M Y,,, is outside of the 70 amino acids im- 
plicated in MHV S-M interaction, it clearly plays a role. This 
suggests that the spacing of the tail from the membrane may be 
important for S-M interaction and virus assembly. 

Coronavirus S proteins form trimers prior to export from the 
ER, while M proteins form larger oligomers in the Golgi (13, 
37). It is thought that coronavirus S-M interaction occurs in a 
pre-Golgi compartment, since endo H-sensitive proteins can 
be isolated by coimmunoprecipitation (42). It is possible that 
one S trimer could interact with multiple M oligomers, which 
could overcome a weak affinity through avidity. Indeed, if there 
are 16 to 25 M proteins for each S trimer, as estimated in 
recent cryoelectron microscopy (cryo-EM) studies of the 
SARS-CoV virion (41), only a fraction of M would be inter- 
acting with S. Although cryo-EM analyses of SARS-CoV and 
MHYV virions did not detect a difference in the amounts of M 
proteins next to S spikes, it is not clear if a difference in packing 
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would be detectable at the resolution achieved in these studies. 
In addition, the C-terminal region of M interacts with the 
nucleocapsid protein N (14). Since the interaction site on M 
for S is also near the C terminus, it is possible that only M that 
is not associated with S is available for interaction with the viral 
nucleocapsid during assembly. Interestingly, the analogous re- 
gion of the SARS-CoV M tail that was predicted to be tightly 
folded in MHV lacks the interaction sites for both S and N. 
This region may also be tightly folded in SARS-CoV M and 
could function to regulate the spacing of the C-terminal region 
from the membrane. 

In conclusion, our results suggest that the SARS-CoV M 
cytoplasmic tail specifically retains the SARS-CoV S protein 
near the virus assembly site, and Y,,; in the M cytoplasmic tail 
appears to be important for this interaction. Ongoing work is 
directed toward determining the region of SARS-CoV S that is 
recognized by this region of the M tail. 
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